Improving electronic structure calculations for practical and technologically-important materials has been a never-ending pursue. This is especially true for transition and post-transition metal oxides for which the current first-principles approaches still suffer various drawbacks. Here we present a hierarchical-hybrid functional approach built on the use of pseudopotentials. The key is to introduce a discontinuity in the exchange functional between core and valence electrons. It allows for treating the localization errors of sp and d electrons differently, which have been known to be an important source of error for the band gap. Using ZnO as a prototype, we show the approach is successful in simultaneously reproducing the band gap and d-band position. Remarkably, the same approach, without having to change the hybrid mixing parameters from those of Zn, works reasonably well for other binary 3d transition and post-transition metal oxides across board. Our findings point to a new direction of systematically improving the exchange functional in firstprinciples calculations.
Transition and post-transition metal oxides are among the most popular class of inorganic solids as they show many interesting physical properties including, among others, metalinsulator transition, magnetism, ferroelectricity, colossal magnetoresistance, charge order, and high temperature superconductivity [1] [2] [3] . They are also technologically important for numerous applications such as catalysis, gas sensors, and electro-/photo-/thermochromic devices [4] [5] [6] . Understanding the vastly-diverse behaviors of these metal oxides requires an adequate description of their underlying electronic structure.
First-principles methods are routinely used to study electronic structure of solids from which to obtain mechanical, electrical, and optical properties. Density function theory (DFT) [7, 8] is one of the most employed such approaches. Although DFT has achieved great successes in the past, it runs into difficulties for transition and post-transition metal oxides due to the challenge in dealing with the localized d or f electrons [9, 10] . Self-interaction has been blamed for the errors as a result of an over-delocalization of the electrons. This leads to a too-small band gap (E g ) and a too-high d-band energy (E d ) relative to the valence band maximum (VBM). Hartree-Fock (HF) approach, on the other hand, overly localizes the electrons, giving rise to errors in the opposite direction of the DFT, namely, it overestimates E g while produces a too low E d with respect to the VBM [11] . As a logical choice, one may mix the DFT with HF, i.e., in a hybrid approach, to improve the numerical accuracy.
Although working well for the sp-electron systems, the hybrid functional, e.g., the HSE [12, 13] , can also run into difficulties for the transition and post-transition metal oxides [14, 15] .
In the current implementation of hybrid functional approaches, a same amount, e.g., in HSE, 25% [12, 13] of HF has been used throughout. In the pseudopotential (PP) approach, the same logic prevails, as one may argue that it is the only approach which is consistent with the all-electron results. A priori, however, there is no fundamental reason why the amount of HF should be the same between the core region and valence region. As a matter of fact, the more localized the electrons, the larger percentage the HF contribution (as we will demonstrate below). This necessitates a larger HF portion for the spatially more localized d electrons than that of the more delocalized sp electrons. It can be made possible by using a PP approach, since the functional form used to generate the PP can be completely different from that for the DFT bulk calculations [16, 17] .
In this paper, we abandon the aforementioned "consistency" check, as it eliminates our 1 ability to improve the electronic properties of the oxides, and introduce instead a hybrid functional PP [18] based hierarchical-hybrid functional (HHF) approach for electronic structure of transition and post-transition metal oxides. In this approach, we use different hybrid functionals, i.e., different HF mixing parameters α c and α v , to treat the core and valence electrons of the metal elements, respectively, while leaving the treatment of the anion core, i.e., oxygen, unchanged. Note that in the widely-used PP-based HSE approach, the "consistency" check is also violated since such approach corresponds to having (α c , α v ) = (0, 0.25).
To illustrate the usefulness of our approach, we first consider ZnO -a notoriously bad player among semiconductors with an awfully-large E g error in the range of an electron volt (eV). We show that, while the conventional HSE with whatever mixing parameter α cannot reproduce the experimental band gap and d-level positions, simultaneously, the hierarchical approach here works out exceptionally well for ZnO. The method works for other binary 3d transition and post-transition metal oxides as well, especially for MnO and CuO, which are two other notoriously-bad examples for HSE. Note that these improvements are obtained without having to artificially adjusting α v from the standard PBE0 value of 25%.
A hybrid functional is obtained by mixing PBE and HF as follows
where the mixing parameter α specifies the amount of HF exchange E HF x to replace the PBE functional [19] . If α = 0, Eq. (1) is reduced to the PBE functional; if α = 1, on the other hand, it becomes 100% HF, while the correlation functional remains to be 100% PBE. When α = 0.25, it is known as the PBE0 functional [20, 21] . The widely-used HSE functional [12, 13] is obtained by screening off the long-range tail of HF exchange in PBE0.
Our calculations were performed using the Quantum ESPRESSO [22] with a kineticenergy cutoff of 60 Ry. All metal PPs were constructed by the OPIUM [23] code (See Supplemental Material [24] as well as Ref. 17 for details). As our focus here was on electronic structure, we used experimental lattice parameters for the oxides, except for ZnO for which we also performed structural relaxations. For comparison, we also performed all-electron calculations using the FHI-aims code [25] . Magnetic structures used in calculations can be found in Supplemental Material [24] . the corresponding E g of 4.3 eV is too large when compared to experiment. At all-electron HF in Fig. 1(e) , the d bands with an E d = −9.7 eV are too deep and the E g of 11.3 eV is also too large. These all-electron results reveal the inability of the single α approach, as well as the inadequacy of imposing a "consistency" check to PP calculations. These all-electron PBE and HSE results also suggest that a larger amount of HF is required to correct E d than what is desired to correct E g .
When PP is used, it is possible to adjust the mixing parameters in the core and valence regions independently. Let us consider first the simple case in Fig. 1(f) where HF PPs [17, 35, 36] a Ref. [38] . b Ref. [27] Using Fig. 2 , one can understand the inadequacy of applying a "consistency" check in the hybrid approach, as shown by the black diagonal lines [37] . closer to the nucleus, while α v affects more the states that are spatially extended. They work together to produce adequate E g and E d . Table I summarizes the lattice parameters, c/a ratios, and volumes of PBE, standard HSE with α = 0.25, the HHF approach with (α c , α v ) = (0.75, 0.25), and experiment. As one might expect, our approach works similar to PBE and HSE: i.e., the lattice constants a and c are both within 2% error of experiment, the c/a ratio is slightly better while the volume is slightly too large. Thus, it should be suitable for other electronic structure calculations as well. Here, the average values of 3.9 and 4.0 eV are used, respectively (See Table S2 of the Supplemental Material [24] ).
Next, we apply the HHF approach to the electronic structures of 11 additional 3d transition and post-transition metal binary oxides. Rather than adjusting (α c , α v ) for each case, these parameters are fixed at the values of ZnO, namely, (0.75, 0.25). Also for simplicity, in the following we only consider E g . Figure 3 compares errors between the current approach and standard HSE (For more details, see Table S2 of the Supplemental Material [24] ). These errors are calculated using available experimental data as the reference. The mean absolute error and relative error of HHF are 0.30 eV and 14.0%, respectively, while those from HSE are 0.72 eV and 33.1%. Clearly, there is a noticeable systematic improvement over HSE. One can qualitatively understand the above results. In traditional DFT approaches, discontinuity in the functional derivative of the exchange-correlation energy holds the key to the underestimation of E g [56, 57] . The standard HSE is a semi empirical fix to such a discontinuity, presumably, for sp electrons. The HHF approach here builds in it another discontinuity that is between the core and valence electrons, which in effect accounts for the difference between localized d and delocalized sp states. The HHF result should approach that of HSE when the d states are empty, as in the case of TiO 2 in Fig. 3 . The same is expected for alkali-metal and alkali-earth-metal oxides.
The situation for partially-occupied d states can be more complex due to (a) a strong without any additional adjusting parameters. In contrast, the standard HSE does a much poorer job, as can been seen in Fig. 3 or Table S2 of the Supplemental Material [24] . Figure   4 shows the band structures of MnO and CuO. It is interesting to note that HHF and HSE produce very similar band dispersions, except E g . Noticeably, HHF increases E g for MnO but decreases E g for CuO. This is an indication that, despite its simplicity, HHF has captured the essential physics of transition-metal oxides. 
